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Abstract. In our work we have studied a two-dimensional suspension of finite-size Vicsek hard-disks,
whose time evolution follows an event-driven dynamics between subsequent time steps. Having compared
its collective behaviour with the one expected for a system of scalar Vicsek point-like particles, we have
analysed the effect of considering two possible bouncing rules between the disks: a Vicsek-like rule and a
pseudo-elastic one, focusing on the order-disorder transition. Next, we have added to the two-dimensional
suspension of hard-disk Vicsek particles disk-like passive obstacles of two types: either fixed in space
or moving according to the same event-driven dynamics. We have performed a detailed analysis of the
particles’ collective behaviour observed for both fixed and moving obstacles. In the fixed obstacles case, we
have observed formation of clusters at low noise, in agreement with previous studies. When using moving
passive obstacles, we found that that order of active particles is better destroyed as the drag of obstacles
increases. In the no drag limit an interesting result was found: introduction of low drag passive particles
can lead in some cases to a more ordered state of active flocking particles than what they show in bulk.
PACS. 05.65.+b Self-organized systems, 64.70.qj Dynamics and criticality – 87.18.Gh Cell-cell communi-
cation; collective behavior of motile cells
1 Introduction
Active matter deals with out-of-equilibrium systems of
self-driven units (active particles) each able to convert en-
ergy (either stored or from its surroundings) into directed
motion[1,2,3,4,5,6,7]. Due to the particle-particle interac-
tion and to the particles’ interplay with the surrounding
medium, active particles are capable of a characteristic
collective behaviour, which has raised great interest over
the last few decades, both theoretically and experimen-
tally [8,9,10,11,12,13].
One of the simplest numerical models used to under-
stand order-disorder out-of-equilibrium transitions and fea-
tures of the collective motion in active suspensions [14,15,
16] is the Vicsek model [17]. Despite the simple interaction
rules acting between self-propelled point-like particles, the
model has proven capable of capturing the behavior of sys-
tems with emergent collective motion, ranging from flocks
of birds to microorganisms cluster formation.
In order to describe more realistic systems, such as
the formation of schools of fish [18] or to model bacterial
motion [19,20,21], modified versions of the Vicsek model
have been proposed, where self-propelled hard-disks take
the place of self-propelled point-like particles.
Send offprint requests to: cvaleriani@ucm.es
Several studies have focused on the collective behaviour
of self-propelled particles in crowded environments [2],
where chemotactic particles show anomalous dynamics on
a percolating cluster [22], while clustering has been ob-
served when chemotactic particles move in a porous medium
[23] or in bulk [24]. At the same time, several studies
have been reported with self-propelled particles interact-
ing with obstacles either fixed in space [25,26] or moving
due to the collisions with the active particles [21,27].
Inspired by the above mentioned works, we propose to
study a two dimensional dilute suspension of self-propelled
Vicsek hard disks and compare them to their point ana-
log, in the presence of either fixed or mobile hard-disks
obstacles. To start with, we describe the event-driven al-
gorithm to simulate hard-disks Vicsek-like particles, con-
sidering two possible bouncing rules between particles: a
Vicsek-like and a pseudo-elastic one. To establish the ef-
fect of adding a finite area to the self-propelled disks, we
will compare the results with the the Vicsek-points model
analog, focusing on the order-disorder transition.
Next ,we will simulate Vicsek particles (either point-
like or hard disks) interacting with fixed disk-like obsta-
cles, considering the case where particles’ size is much
smaller of that of the obstacles. In either case our results
agree with the ones presented by Chepizhko and Peruani
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2 Martinez et al.: Collective behavior of Vicsek particles without and with obstacles
[26]. To conclude, we will let the obstacles move, and study
the resulting phenomena.
The manuscript is organised as follows. In section 2
we present the numerical details including bulk systems
and systems with obstacles. In section 3, we present the
obtained results and draw our conclusions in section 4.
2 Model and simulation details
To start with, in 2.1 we introduce the original version
of the Vicsek model [17,14]. Next, in section 2.2 we pro-
pose the Vicsek model for hard-disks, thus presenting two
bouncing rules responsible for the interactions between
them: a Vicsek-like rule, which aligns the velocities of the
colliding particles, inspired by the Vicsek model update
rule; and a pseudo-elastic rule, inspired by the possibility
of the existence of an inertial dynamic at short times.
Having discussed the bulk system, we present the nu-
merical details for the system with fixed obstacles. In sec-
tion 2.3, the interaction between particles and fixed obsta-
cles is discussed. Two bouncing rules are considered: one
that aligns particles with the wall and another that per-
forms an elastic (or mirror) bouncing. The elastic bounc-
ing rule is inspired by the possibility of the existence of an
inertial dynamic at short times, while the aligning bounc-
ing rule is inspired by hydrodynamic interactions with
walls.
In section 2.4, we present the numerical details for the
system with moving obstacles: in our model, passive par-
ticles are desplaced by the collisions with other particles
and slowed down by a drag force (to model the interaction
with the fluid). Two bouncing rules are considered: one
describing collisions between two obstacles and another
one for the obstacle - particle collision. Given that for ob-
stacles the constant speed condition does not have to be
imposed, we consider 1) an elastic bouncing rule for the
obstacle-obstacle bouncing rule, and 2) a pseudo-elastic
bouncing rule for the active particle-obstacle.s
To conclude the method section, we will present the
chosen parameter range 2.5.
2.1 Self-propelled Vicsek point-like particles
In the scalar Vicsek model [15,14], the system consists of
N identical point particles in a two dimensional square box
of edge L. All particles propel at a constant speed v, thus
the velocity vi of the ith-particle at time t is completely
determined by its direction of motion θi
vi = v(ˆı cos θi(t) + ˆ sin θi(t)). (1)
Every time step ∆t, θi is updated as follows:
1. We identify all neighbouring particles j of the ith-particle
as those at a distance smaller than R: |ri(t)−rj(t)| < R,
where R is the interaction range (metric Vicsek model).
2. We compute θmi (t) as the mean direction of all neigh-
bouring particles of the ith-particle.
3. The new direction of the ith-particle is θi(t + ∆t) =
θmi (t) + ηζi(t), where ζi(t) is a white noise (〈ζ(t)〉 = 0,〈ζi(t)ζj(t′)〉 = δijδ(t − t′), and ζi ∈ [−pi, pi]) and η the
noise strength (η ∈ [0, 1], set at the beginning of each
run).
4. Each particle’s position is then updated according to r(t+
∆t) = r(t) + v(t+∆t)∆t.
All simulations are performed with periodic boundary
conditions (unless stated otherwise). We make use of re-
duced units, with ∆t as the time unit and R the length
unit (∆t = 1 and R = 1). In all simulations, v∆t < R.
We initialise the system with random positions and ve-
locities, r and θ for each particle, and let it evolve until
steady state is reached. All results presented (including
snapshots) are taken from the steady state. We fix the
particles’ density ρ = N/L2 to be ρ = 1.953 throughout
our simulations.
To measure the total alignment within the system, we
compute the order parameter ν [14]:
ν =
1
N
√√√√( N∑
k=1
sin(θk)
)2
+
(
N∑
k=1
cos(θk)
)2
(2)
Whenever ν = 0 particles are disordered and move ran-
domly in every direction; whereas when ν = 1 particles
are totally aligned and move as a flock.
To study particles aggregation, we detect all clusters in
the system via the following criterion: at a given time step
in the steady state, two particles belong to the same clus-
ter if their distance is smaller than the interaction range
R. The largest cluster nc will just be the cluster with the
largest number of particles.
2.2 Self-propelled Vicsek hard-disks
When considering finite-size Vicsek disks (diameter σ) at
packing fraction φ = (Npiσ2)/(4L2).
Disks’ velocities are updated at intervals of ∆t as pre-
scribed by the Vicsek model. However, between these in-
tervals they follow an event-driven algorithm [28] 1 and
can interact with each others via two different bouncing
rules: a Vicsek-like and a pseudo-elastic-like bouncing rule.
The Vicsek-like bouncing rule tries to mimic a
Vicsek interaction between two disks. As schematically
represented in figure 1, it is applied as follows:
1. Given the velocities just before the collision of two parti-
cles, say v−1 and v−2 for particle 1 and 2 respectively, θm
is computed as θm = (θ−1 + θ−2 )/2 (left panels in figure
1, top and bottom).
1 Care must be taken when simulating at low η, where one
should expect the formation of dense regions (given that the
point-like Vicsek model tends to form clusters). This might
cause numerical errors in the event-driven even algorithm even
at low packing fractions. To solve this numerical issue the error-
correction mechanism exposed in [29] has been successfully im-
plemented.
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Fig. 1. Top row: before (left) and after (right) the collision ac-
cording to the Vicsek-like bouncing rule. Bottom row: another
case before (left) and after (right) the collision according to
the Vicsek-like rule. The Vicsek-like bouncing rule consists in:
1) Calculating the mean direction between both particles (θm)
before the collision, and 2) Adding a noise to it (angles α and
β) after the collision.
2. Let rrel be r2 − r1 and θrel the direction of rrel.
(a) If sin(θm − θrel) > 0 then θ+1 = θm + ηζ/2 and
θ+2 = θ
m − ηζ/2.
(b) if sin(θm − θrel) < 0, θ+1 = θm − ηζ/2 and θ+2 =
θm + ηζ/2 .
ζ ∈ [0, pi] is a white noise and η is the Vicsek model’s
noise strength. All noise terms correspond to α and β in
the right panels in figure 1 (top and bottom). Noise is in-
troduced to better reproduce a Vicsek-like interaction and
to guarantee that particles move away from each other af-
ter bouncing.
The pseudo-elastic bouncing rule tries to mimic
an elastic collision between particles. Given that the Vic-
sek self-propelled disks have a constant speed, we use
a modified elastic bouncing rule as schematically repre-
sented in figure 2.
1. We consider a frame consisting of the disk 1-to-disk 2
center-to-center direction (transversal, T) and its per-
pendicular direction (longitudinal, L), and decompose the
particles’ velocities into v−1 = (v−1L, v−1T ), v−2 = (v−2L, v−2T ).
2. As in an elastic bouncing, after the collision we exchange
particles’ transversal components v e1 = (v−1L, v−2T ), v e2 =
(v−2L, v
−
1T ).
3. Having computed θei (i = 1, 2) (direction of motion of
v ei ) the next direction is θ+i = θei +ηζ, where ζ ∈ [−pi, pi]
is a white noise.
Fig. 2. Top row: before (left) and after (right) the collision
according to the pseudo elastic bouncing rule. Bottom row:
another case before (left) and after (right) the collision accord-
ing to the pseudo elastic rule. The pseudo elastic bouncing rule
consists in: 1) Applying an elastic bouncing rule between two
hard disks, 2) Rescaling the magnitude of the resulting veloc-
ities to match the constant speed condition, and 3) Changing
the direction of the resulting velocity due to a noise (angles α
and β) after the collision.
2.3 Fixed disk-like obstacles
To model a system consisting of self-propelled particles
with fixed obstacles, we introduce Nd finite-diameter σd
disks placed at random in the simulation box of edge
L, with a minimum center to center distance of (3/2)σd
among them. Packing fraction of the obstacles is defined
as φd = (Ndpiσ
2
d)/(4L
2).
Disks’ velocities are updated at intervals of ∆t as pre-
scribed by the Vicsek model and follow an event-driven
algorithm [28] between these time intervals. 2
When a Vicsek particle collides with an obstacle, the
point of intersection is calculated, and then a bouncing
rule is applied. We consider two possible bouncing rules:
a particles-aligning with the walls (top sketch in figure
3) and an elastic-bouncing rule (bottom sketch in figure
3).
2 Care must be taken given that an event driven algorithm
used to simulate a suspension of hard disks could enter an
”infinite” loop even at low packing fractions. As s possible
numerical way to avoid it, we suggest to add an arbitrary anti-
loop rule, consisting of setting to 0 the velocity of a particle
experiencing more than 1000 collisions and keeping it set to 0
until the next iteration (even when other particles collide with
it). We should mention that we have checked that the chosen
number of iterations (1000) does not affect the dynamics of
our system (allowing to distinguish between a particle in an
infinite loop and a particle experiencing numerous collisions).
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Fig. 3. Top: aligning with the wall bouncing rule. Bottom:
elastic bouncing rule. Both without adding any noise. The
straight line of the obstacle represents the tangent to the ob-
stacle in the point where the collision takes place.
The aligning with the walls bouncing rule consists in
the following steps:
1. The angle θin formed by the incoming particle and the
tangent of the obstacle is computed.
2. θout (direction of motion after the collision relative to the
tangent of the obstacle) is set to
(a) θout =  if cos(θin) > 0
(b) θout = pi −  if cos(θin) < 0
being  ∈ [0, ηpi] a delta correlated white noise and η the
Vicsek model’s noise constant.
Whereas the elastic-bouncing rule consists in the fol-
lowing steps:
1. The angle θin formed by the incoming particle and the
tangent with the obstacle is computed.
2. θout = −θin+  (where θout is the angle formed with the
tangent to the obstacle)
 is a delta correlated white noise with  ∈ [−ηpi, ηpi] and
η the Vicsek model’s noise constant.
2.4 Moving disk-like obstacles
To model a system consisting of self-propelled particles
with moving obstacles, we introduce Nd finite-diameter σd
disks (larger than the active particles) placed at random
(being M = σ2d/σ
2). We let evolve the passive disks with
time according to an over-damped equation of motion,
where passive particles are slowed down by scaling their
speed at regular time steps ∆t′
v(t+∆t′) = (1− γ)v(t) (3)
being γ the drag coefficient.
When two passive obstacles collide, we apply a purely
elastic bouncing rule in which the linear momentum is con-
served (not having to maintain their speed after collision,
unlike Vicsek particles). In what follows, we will consider
that the mass of the passive particles is proportional to
their occupied area.
The obstacle-obstacle collision rule is the following:
1. We consider a frame consisting of the disk 1-to-disk 2
center-to-center direction (transversal, T) and its per-
pendicular direction (longitudinal, L), and decompose the
particles’ velocities into v−1 = (v−1L, v−1T ), v−2 = (v−2L, v−2T ).
2. As in an elastic bouncing, after the collision we exchange
particles’ transversal components v e1 = (v−1L, v−2T ), v e2 =
(v−2L, v
−
1T ).
The only difference between this bouncing rule and the
pseudo-elastic one is that veocity is not rescaled (given
that passive particles do not have the constant speed con-
straint).
The active particles-obstacle collision rule, designed
to maintain the constant speed of the active particle, is the
following:
1. We consider a frame consisting of the active (A)-to-
passive (P) center-to-center direction (transversal, T) and
its perpendicular direction (longitudinal, L), and decom-
pose the particles’ velocities into v−A = (v−AL, v−AT ), v−P =
(v−PL, v
−
PT ).
2. After collision, transversal components are modified as:
veAT = (v
−
AT (1−M) + 2Mv−PT )/(M + 1)
veAP = (v
−
PT (M − 1) + 2v−AT )/(M + 1)
so that
v eA = (v
−
AL, v
e
AT )
v eP = (v
−
PL, v
e
PT ) (elastic bouncing).
3. v+P = v eP is the new velocity of the passive particle.
4. Having computed the direction of motion of v eA , θeA, the
new direction is
θ+A = θ
e
i + ηζ
where ζ ∈ [−pi, pi] is a white noise.
2.5 Parameter range
When dealing with point-like Vicsek particles, we have
simulated only one number density of active particles (ρ =
1.953), two system sizes (L = 32 and L = 64) and propul-
sion speeds within v ∈ [0.1, 0.5]. When including disk-
like obstacles, we have simulated a packing fraction of
φd = 0.0707 with a number density of active particles
ranging from ρd = 0.015 to ρd = 0.25.
When considering disk-like self-propelled particles, we
have considered a wide range of packing fractions. When
including disk-like obstacles, we restricted ourselves to
very low packing fractions: φ < 0.06, given that a constant
speed combined with an event-driven dynamics makes nu-
merical simulation at higher φ very inefficient, as particles
will more likely cluster in the presence of obstacles, while
continuously colliding with their neighbours.
3 Results
The results are presented as follows. We will start with
presenting the order-disorder transition in the Vicsek disk-
like particles as compared to the point-like one (3.1) Next,
we consider the effect of inserting disk-like obstacles on the
collective behaviour of point-like Vicsek particles, when
the bouncing rule is either aligning (3.2.1) or elastic (3.2.2)
To conclude, we will study the effect on the collective
behaviour of disk-like Vicsek particles of fixed obstacles
(3.3), comparing several bouncing rules, and of mobile ob-
stacles (3.4).
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3.1 The bulk system: comparison between Vicsek
point-like and disk-like particles
The collective behaviour of a two-dimensional suspension
of point-like Vicsek particles has been widely studied in
the literature[15,16,14]. However, as far as we are aware,
not too much effort has been out into understanding the
effect that considering excluded volume interactions be-
tween finite size Vicsek particles might have on the order-
disorder transition.
In our work, we quantify the differences in the order-
disorder transition of point-like and finite-size disk-like
Vicsek particles. When comparing the two systems, we use
the same values of N , L and v, while modifying the value
of the hard-disks diameter σ (and the packing fraction,
being φ→ 0 the limit of the point-like Vicsek model).
In order to follow the order-to-disorder transition, we
compute the order parameter ν (as in eq.2) as a func-
tion of the noise strength. The top panel in Fig. 4 repre-
sents ν versus η for disk-like Vicsek particles interacting
via Vicsek-like bouncing rule (coloured continuous lines)
as compared to point-like Vicsek particles (dashed black
line). As expected, not only the the location of the order-
disorder transition is closer to that of point-like Vicsek
particles as φ approaches to 0 but also the transition be-
comes sharper as the packing fraction increases.
Similarly, when hard-disk Vicsek particles interact via
the pseudo-elastic bouncing rule (middle panel) not only
the the location of the order-disorder transition is closer
to that of point-like Vicsek particles as φ approaches to
0 but also the transition becomes sharper as the packing
fraction increases. As shown in the inset of figure 4, scaling
the noise strength with the critical noise, ηc, all curves
collapse onto a master curve overlapping with the Vicsek
point-like results.
Therefore, we conclude that neither excluded volume
interactions nor the collision rules are enough to change
the location and the nature of the order-disorder transition
in the Vicsek model. While the pseudo-elastic bouncing
rule shifts the transition for increasing φ towards smaller
noise strengths (middle panel), when particles interact
Vicsek-like (top panel) the excluded volume interactions
only affect the sharpness of the transition.
The results presented so far have been obtained with
a particles’ speed of v = 0.5. In order to establish the
role played by the particles’ velocity on the order-disorder
transition for the two collision rules, we study a system of
particles whose propulsion speed is v = 0.1. In the bottom
panel of Fig. 4 we compare the results obtained at v = 0.5
and v = 0.1 for the Vicsek-like and pseudo elastic bouncing
rules for a system of self-propelled disks.
At high velocities (v = 0.5), the order-disorder transi-
tion is affected by the bouncing rule, with the VIcsek-like
rule in better agreement with the point-like Vicsek model.
On the contrary, for lower values of v, this effect is much
weaker and the results obtained with both bouncing rules
are indistinguishable with respect to those for the point-
like Vicsek particles. Therefore, to underline the effect of
the applied bouncing rule, from now onward we will only
consider particles propelling at v = 0.5.
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Fig. 4. Order parameter as a function of the noise. Top: Ac-
tive disks with Vicsek-like bouncing rule. Middle: Active disks
with pseudo-elastic bouncing rule, inset: order parameter as a
function of the noise rescaled with respect to critical noise (ηc).
In all cases N = 2000, L = 32 and v = 0.5. The same color
code is applied in both top and middle panels. The dashed
line represent results for the point-like Vicsek model. Bottom:
ν versus η for v = 0.1 (blue/violet lines) and v = 0.5 (green
lines) for point-like Vicsek model (dashed) and active disks at
φ = 0.0153 with both bouncing rules.
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3.2 Point-like Vicsek particles with fixed obstacles
3.2.1 Aligning bouncing rule
We carry out simulations of a system composed by point-
like Vicsek particles moving at v = 0.5 embedded in a ran-
dom array of fixed obstacles at different obstacle packing
fractions, φd. The obstacles packing fraction is changed by
increasing their diameter, σd, while keeping constant their
number, Nd. The results of the order parameter, ν, as a
function of the noise strength, η, are presented in figure 5.
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  0.1  0.2  0.3  0.4  0.5



d
=0.0314

d
=0.0707

d
=0.126
Fig. 5. Order parameter as a function of the noise strength
for various obstacles packing fractions. Continuous lines: N =
8000, Nd = 256, L = 64, v = 0.5. Dotted lines: the same but
with L = 32. Dashed lines (at low η) correspond to finite-size
effects.
For large values of η the system is disordered, as shown
by the small value of the order parameter: if particles form
a cluster, each cluster presents a different direction of mo-
tion (while particles will be constantly exchanged between
clusters, as shown in the right panel of Fig. 6). Decreasing
the noise strength particles tend to align forming larger
clusters that swim in the same direction, reason why the
order parameter ν starts increasing.
0
/2

3/2
2=0
Fig. 6. Two snapshots from the green curve of figure 5 (φd =
0.07). The color code represents each particle’s direction. Left,
η = 0.05: each cluster has an independent direction of motion
(inducing a small order parameter). Right, η = 0.14: clusters
interact with each other thus increasing order.
However, unlike in the absence of obstacles, the order
parameter reaches a maximum value for non-zero noise
strength. As already reported by Chepizhko and Peruani
[26], obstacles favour the formation of clusters as com-
pared to what happens in the bulk system.
When decreasing the noise strength even further, ν
starts decreasing: This is due to the fact that, below a
certain noise level, clusters do not interact any more and
their collision with obstacles only randomise their swim-
ming directions (as shown in the left panel of Fig. 6). At
the lowest noise levels (dashed lines in Fig. 5) further de-
creasing of η leads to an increase of ν, which corresponds
to the formation of a single cluster in the system: in this
regime, the numerical results are affected by the system’s
finite size.
This behaviour is independent on the values of the
obstacle packing fractions φd (figure 5). Interestingly, the
lower the φd 1) the larger the value of ν (higher order) in
the system at every noise level; 2) the more pronounced
the shift to the right of the maximum of ν (in the limit
of no obstacles, we should recover the results obtained for
the bulk Vicsek).
In order to understand whether the results might be
affected by the obstacles’ size, we keep their packing frac-
tion fixed at φd = 0.0707 while systematically changing
their diameter ( thus the obstacles’ number Nd) and com-
pare to the bulk Vicsek equivalent (at the same L = 64),
as shown in figure 7.
 0
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 0.4
 0.6
 0.8
 1
 0  0.1  0.2  0.3  0.4  0.5
ν
η
Nd=1024
Nd=512
Nd=256
Nd=128
Nd=64
bulk
Fig. 7. Order parameter as a function of noise, for different
obstacles size at the same packing fraction. N = 8000, L = 64,
v = 0.5, φd = 0.0707. The dashed black line are the results for
the bulk Vicsek model, whereas the dashed coloured lines (at
low η) correspond to finite-size effects.
While the location of the maximum of ν at lower values
of η is clearly affected by the the obstacles’ size, as soon as
η ≥ 0.2 ν does not depend on Nd (while it depends on φd,
as shown in fig. 5). When 64 ≤ Nd ≤ 256 (2.4R ≥ σd ≥
1.2R) all curves overlap for every noise level: the effect of
obstacles on clustering is the same independently on their
diameter, always larger than the interaction range R.
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As soon as σd becomes smaller than R (Nd > 256),
the maximum of ν starts shifting towards lower values of
η. One can extrapolate that in the limit of σd → 0 the
maximum shifts to η → 0.
So far we have been simulating a system with particles
propelling at the constant speed of v = 0.5. In order to
assess the relevance of particles’ speed v on clustering in
the presence of random fixed obstacles at different pack-
ing fractions, we study systems with φd ∈ [7.9× 10−3, 0.2]
and σd ∈ [0.4, 2.0] where particles propel at several speeds
while keeping η = 0.1 fixed. As shown in figure 8, we com-
pute the average number of particles in the largest cluster
nc (in steady state) as a function of v, that is a relevant
quantity to study the collective behaviour, corresponding
to the maximum size reached by a cluster before breaking
in a collision with an obstacle.
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Fig. 8. Average number of particles in the largest cluster (nc)
normalised by the total number of Vicsek particles (N) as a
function of the speed v. N = 8000, η = 0.1, L = 64. We com-
bine different packing fractions of obstacles and different ob-
stacle diameters. We see that in some cases the largest cluster
grows when decreasing v.
We observe that whenever the speed v is high, inde-
pendently on φd, nc/N is low given that clusters have good
probabilities of breaking when encountering an obstacle:
as shown in the panel 3 of figure 9), many small clusters
are formed.
However, when the speed starts decreasing, the be-
haviour is strongly affected both by φd and σd: nc/N in-
creases especially for the largest values of φd. This effect
is more pronounced when σd is larger than R (continuous
lines in figure 8). This is due to the fact that particles tend
to be concentrated in a small number of clusters, each con-
taining many particles; cluster breaking is more difficult
(panels 1 and 2 of figure 9) given that even when particles
are scattered due to the collision with an obstacle they can
still interact after the collision, especially if their distance
is smaller than R.
At the lowest value of φd and σd (continuous light-
green curve in figure 8), small clusters are formed in the
system. A similar behaviour is observed for every φd when-
ever σd is smaller than R (dotted-dashed lines in figure 8),
being the effect of v on the cluster size not detectable.
1) 2)
0
/2

3/2
2=0
3) 4)
0
/2

3/2
2=0
Fig. 9. Snapshots taken in the steady state when σd = 2, φd =
0.20 (figure 8) and v = 0.15 (1), v = 0.25 (2) and v = 0.5 (3),
respectively. (4) represents the case when σd = 1, φd = 0.20
and v = 0.15 (same φd and v as (1 ). In the first three ones,
we see that clusters are denser and have more particles as we
decrease speed (v), while snapshot 4) shows that this effect is
suppressed as obstacle size is lower, even for the same obstacles
packing fraction.
The cluster size is also affected by tuning the obstacles’
size. In panel 4 of figure 9 the diameter of the obstacle is
set to half the size of the obstacles presented in panel 1
of the same figure, with particles having the same speed.
While in the former case the system is characterised by
many clusters (a low value of ν), in the latter the system
consists of few large clusters.
To conclude, the cluster size can be tuned by either
tuning the Vicsek’s particles velocity or the diameter of
the obstacles (depending on the ratio between σd and R).
3.2.2 Elastic bouncing rule
To highlight the role played by the bouncing rule, we have
studied a system of N = 2000 Vicsek point-like particles
with L = 32 and v = 0.5 interacting with φd = 0.0707
(Nd = 64) obstacles via pseudo-elastic bouncing rules
(”el” brown dashed line in figure 10) and compared it
to the same system interacting via an aligning rule (”Vi”
dark green dashed line in figure 10, replotted from figure
5 (dotted green line)).
Comparing the dashed lines in figure 10, we conclude
that the overall collective features of ν versus noise are
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Fig. 10. Order parameter versus noise for N = 2000 Vic-
sek point-like particles with L = 32 and v = 0.5 interacting
with obstacles at φd = 0.0707 (Nd = 64). Dashed lines are
for point-like Vicsek particles interacting with obstacles via
aligning (Vicsek-like) (Vi) or elastic (el) rules. Continuous lines
correspond to a system of φ = 0.0153 finite-size Vicsek disks:
‘p.’ denotes the bouncing rule between particles and ‘d.’ the
bouncing rule with obstacles.
not altered by the chosen bouncing rule with obstacles,
whether aligning (”Vi” dark green dashed line) or elas-
tic (”el” brown dashed line). In either case, the system is
disordered (low value of ν) for high noise; becomes more
ordered when decreasing η up to the point of reaching a
maximum value of ν approximately at the same η, given
that obstacles favour the formation of clusters. Interest-
ingly, an elastic bouncing rule is responsible for the forma-
tion of less ordered aggregates (lower η maximum) When
decreasing the noise strength even further, ν starts de-
creasing, since clusters do not interact any more and their
collision with obstacles only randomise their swimming
directions At the lowest noise levels (dashed lines in Fig.
10) further decreasing of η leads to an increase of ν, which
corresponds to the formation of a single cluster in the sys-
tem: in this regime, the numerical results are affected by
the system’s finite size.
Therefore, we conclude that even though the aliging
bouncing rule enhances ordering among the particles, the
maximum of the order parameter is an intrinsic feature
of the presence of obstacles, being present when particles
collide with either an aligning or an elastic bouncing rule
with the obstacles.
3.3 Disk-like Vicsek particles with fixed obstacles:
aligning versus pseudo-elastic bouncing rule
Having defined in section 2 two bouncing rules between
active disks and other two bouncing rules for collisions be-
tween an active disk and an obstacle, one might ask how
the active disk-obstacle bouncing rule affects the collective
behaviour of the active disks, and under which conditions
the inter-particle bouncing rule is more relevant. We pre-
pare a system of N = 2000 disks propelling at a speed
of v = 0.5 (the same as for point-like particles in figure
10) with a packing fraction φ = 0.0153 in a simulation
box of L = 32. In the same box we add Nd = 64 obsta-
cles placed randomly with a packing fraction φD = 0.0707
(σ = 0.1 for disks and σd = 1.2 for obstacles). The reason
for choosing active disks one order of magnitude smaller
than obstacles, is dictated by the fact that we expect them
to show a similar behaviour of the order parameter with
respect to Vicsek point-like particles interacting with the
same obstacles. We have studied four different cases pre-
sented in sections 2.2 and 2.3, combining the different col-
lision rules: 1) elastic bouncing rule between particles and
elastic bouncing rule between a particle and an obstacle
(”p. el d. el”, blue continuous line in figure 10) 2) elas-
tic bouncing rule between particles and aligning bouncing
rule between a particle and an obstacle (”p. el d. Vi”, dark
green continuous line in figure 10) 3) aligning bouncing
rule between particles and aligning bouncing rule between
a particle and an obstacle (”p. Vi d. Vi”, magenta contin-
uous line in figure 10) 4) aligning bouncing rule between
particles and elastic bouncing rule between a particle and
an obstacle (”p. Vi d. el”, orange continuous line in figure
10)
As shown for all continuous lines of figure 10, the be-
haviour of the system consisting of finite size disks is sim-
ilar to the one consisting of point-like particles, indepen-
dently on the chosen bouncing rules. The only difference
between finite-size and point-like particles can be detected
for very low values of η, given that the increase of ν is ab-
sent for active disks. This is due to the fact that excluded
volume prevents to find only one cluster of active disks in
the simulation box.
As for point-like particles, the system of active disks
is more ordered when disks interact via aligning bounc-
ing rules with the obstacles, independently on the chosen
inter-particle bouncing rule (as shown by comparing the
blue (elastic) and orange (Vicsek) lines to the dark green
dashed line (point-like particles) for the particle-obstacle
elastic bouncing rule and the green (elastic) and magenta
(Vicsek) lines to the brown dashed line (point-like par-
ticles) for the particle-obstacle aligning bouncing rule).
However, in all cases, excluded volume prevents clusters
formation, thus enhancing global order.
Therefore, while near the maximun of ν the disk-obstacle
bouncing rule is crucial for the system’s features, at the
lower/higher values of η the disk-disk bouncing rule is the
most important one. In the former case, given that when
global polar order reaches a maximum value all particles
follow a similar direction, particle-particle collisions are re-
duced, reason why collisions with the obstacles are more
relevant. In the latter case, when the noise strength is
high particles do not form a cluster and frequently collide
among them, whereas when the noise strength is low par-
ticles form clusters that move in different directions and
the frequent collisions between two clusters is the reason
why particle-particle bouncing rules dominate.
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As shown in figure 8 for point-like particles, we now
compute the average number of particles in the largest
cluster nc (in steady state) as a function of v (figure 11),
corresponding to the maximum size reached by a cluster
before breaking in a collision with an obstacle.
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Fig. 11. Average number of particles in the largest cluster
(nc) normalised to the total number of Vicsek particles as a
function of the speed v. In red, φd = 7.1 10
−2 whereas in
purple φd = 0.20. N = 8000 active particles, η = 0.1 and
Nd = 256 obstacles in a simulation box L = 64 (in either
φd we have considered σd larger than R). In both cases, the
dashed lines correspond to Vicsek points, the dotted-dashed to
φ = 0.015 and the continuous lines to φ = 0.061. Active disks
follow a Vicsek-like bouncing rule between them and with the
obstacles.
We study systems of active disks with a particles’ speed
ranging from 0.1 up to 0.5, setting the same noise strength
η = 0.1, whose bouncing rules are aliging either among
them or with obstacles. The systems are prepared at xs
different packing fractions of Nd = 256 obstacle/N = 8000
active particles in a simulation box of L = 64. We choose
to examine a lower φ = 0.015 (dotted-dashed lines) and
a higher φ = 0.061 (continuous lines) packing fraction,
comparing them both to the point-like case (dashed lines).
Given that the packing fraction is computed by changing
σ and σd while keeping N and Nd fixed, we compare the
case with φd = 7.1 10
−2 (all red curves in figure 11) to
the one with φd = 0.20 (all purple curves in figure 11).
Differently from the point-like system, the disks’ largest
cluster size does not change with the self-propulsion speed
with this set of bouncing rules and for these four combina-
tions of packing fractions. The emergence of a big cluster
is suppressed by the particles’ concentration limit imposed
by the hard disks’ excluded volume.
3.4 Disk-like Vicsek particles with moving obstacles:
aligning versus pseudo-elastic bouncing rule
In a recent study Llanes and coworkers[27] have demon-
strated that many non-aligning passive disks are more ef-
fective at destroying the ordered phase in a suspension
of active Brownian particles with an aligning interaction.
Our goal is to study the effect played by passive mov-
ing particles in a suspension of self-propelled Vicsek disks,
when changing the drag coefficient of the passive particles.
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ν
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 = 0.01
 = 0.1
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 0.2
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 0.8
 1
 0  0.1  0.2  0.3  0.4  0.5
ν
η
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= 0.001
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Fig. 12. Order parameter versus noise for N = 8000, L = 64,
Nd = 256, φd = 0.0707, φ = 0.0153: top, v = 0.5 and ∆t
′ = 0.1.
Bottom, v = 0.1 and ∆t′ = 0.5.
We now consider a dilute suspension of N = 8000 Vic-
sek disk-like particles at φ = 0.0153 (L = 64) in the pres-
ence of Nd = 256 moving obstacles (φd = 0.0707) with
σ/σd = 1/10
3 Passive particles motion is mainly gener-
ated by the inertia due to the collisions with active parti-
cles, being modelled via an over-dumped dynamics, with a
3 To establish the effect of σ/σd, we have performed simula-
tions with σ = σd (N = Nd), where the effect of the passive
particles in destroying order was quite small even for a large
value of the drag (data not shown).
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drag coefficient γ that restores the particle to rest. At in-
tervals of ∆t′ (smaller than ∆t = 1), each moving obstacle
is slowed down according to eq.3 in section 2.4 The passive
disk-passive disk bouncing rule is set to be elastic (rather
than aligning); whereas the passive disk- active disk and
active disk- active disk one is a pseudo-elastic one.
We compute the order parameter ν at different noise
strength with γ ranging from 0.001 (continuous blue lines
in fig. 12), 0.01 (orange lines) to 0.1 (green lines), compar-
ing to the system with the same packing fraction of fixed
obstacles (dashed-dotted red lines) and to the bulk system
with no obstacles (dashed-dotted black lines). To study
the role played by the particles’ velocities, we consider
disks propelling at v = 0.5 (thus ∆t′ = 0.1) (top panel
of figure 12), and propelling at v = 0.1 (thus ∆t′ = 0.5)
(bottom panel of figure 12).
To start with we observe that, independently on the
propulsion speed, the system is more disordered when
moving obstacles are strongly over-damped (γ =0.1, green
lines in fig.12) approaching results obtained for fixed ob-
stacles (dashed - dotted red lines in fig.12).
0
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Fig. 13. Snapshots representing: left) high drag (γ = 0.1) and
right) low drag (γ = 0.001) N = 8000, φ = 0.0153, L = 64,
v = 0.5, η = 0.1, Nd = 256, φd = 0.0707 and ∆t
′ = 0.1.
When passive particles’ drag is high, we see cluster formation
of active particles (left), like in the fixed obstacles case. When
drag is low, we see that passive particles are carried away by
active particles in a band (right).
When studying the system with Vicsek particles pro-
pelling at v = 0.5 (top panel in fig.12) we observe that
when γ is high we recover results obtained in the fixed
obstacles case: active clusters form clusters (left-snapshot
in figure 13). However, when decreasing γ, ordering in-
creases up to the point of almost recovering the results
when no-obstacles are present (dashed-dotted black lines
in fig.12). At the lowest γ (right panel in figure 13) active
particles tend to move in an order band. This leads to a
peculiar effect of passive obstacles being dragged away by
the active disks. In these cases, passive mobile obstacles
are not capable of destroying the order within the active
particles.
When the Vicsek’s particles speed is lower (bottom
panel in fig.12), the system stays quite ordered even at
lowest noise (as compared to the fixed obstacles case),
even though ν is always lower than the one evaluated for
particles propelling at higher speed (top panel in the same
figure).
Counterintuitively, we observe that when γ → 0, active
particles in the presence of mobile obstacles (continuous
blue line) are more ordered than when no obstacles are
present (dashed-dotted black line). Figure 14 represents a
direct comparison between a snapshot of the bulk system
(left panel) and one corresponding to the light blue curve
in the bottom panel of figure12 (right panel), both taken
for η = 0.4.
0
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Fig. 14. Snapshots representing: left) bulk active disks; right)
active disks with φd = 0.0707 (Nd = 256) moving obstacles
(γ = 0.001 and ∆t′ = 0.5). Parameters are N = 8000, φ =
0.0153 and L = 64, v = 0.1, η = 0.4. In the right snapshot we
see that in the passive low drag passive particles case active
particles are more aggregated than in the bulk case (left), and
this produces the counterintuitive enhance of order for some
values of η.
At the lowest γ and for low and intermediate noise
levels active particles tend to move in an order band.
This leads to a peculiar effect of passive obstacles be-
ing dragged away by the active disks. However, differently
from the case of higher propulsion speed, active particles
(propelling at a low speed) are trapped by the presence
of the obstacles, thus forced to be close to one another.
Clearly, obstacles play the role of aggregating active par-
ticles, thus enhancing global order with respect to the bulk
case.
Therefore, depending on the active particles’ speed,
passive particles might (when the speed is low) or might
not (when the speed is high) induce cluster formation of
the active particles. A key role is also played by the or-
dered present in the bulk system. As already observed in
figure 1-bottom panel, the system is more ordered when
v = 0.5, at least for the chosen system size.
4 Conclusions
In our manuscript, we have presented a numerical method
to simulate a two dimensional suspension of self-propelled
Vicsek disks evolving according to an event-driven dynam-
ics. To start with, we have studied the bulk system and
fully recovered the order-disorder transition established
for point-like Vicsek particles, independently on the cho-
sen bouncing rule (aligning or pseudo-elastic). Therefore,
neither excluded volume interactions nor the collision rules
are enough to change the location and the nature of the
order-disorder transition in the Vicsek model. While the
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pseudo-elastic bouncing rule shifts the transition for in-
creasing φ towards smaller noise strengths (middle panel),
when particles interact Vicsek-like (top panel) the ex-
cluded volume interactions only affect the sharpness of
the transition.
In order to establish the role played by the particles’
velocity on the order-disorder transition for the two col-
lision rules, we study a system of particles whose propul-
sion speed is lower. While at high velocities, the order-
disorder transition is affected by the bouncing rule, with
the VIcsek-like rule in better agreement with the point-
like Vicsek model, when the particles’ speed is lower the
results obtained with both bouncing rules are indistin-
guishable with respect to those for the point-like Vicsek
particles.
Next, we use this methodology to simulate Vicsek par-
ticles in the presence of passive obstacles. First, we intro-
duce point Vicsek particles in the presence of fixed solid
obstacles, considering aligning or elastic bouncing rules
between the particles and the obstacles. When obstacles
are located in random positions, the order-disorder tran-
sition is modified, showing a maximum in the order pa-
rameter at non-zero noise strength. As already observed
for a slightly different system [26], we conclude that clus-
ters formation at low noise values is the main reason of
this counterintuitive result. Analyzing the system of ac-
tive disks with fixed obstacles, using two collision rules
between disks and two bouncing rules between disk and
obstacle, we observe that the disk-obstacle bouncing rule
is dominant near the maximum of ν, while the disk-disk
one is more important for higher ν and in the ν → 0 limit.
Even though the aliging bouncing rule enhances ordering
among the particles, the maximum of the order parameter
is an intrinsic feature of the presence of obstacles, being
present when particles collide with either an aligning or an
elastic bouncing rule with the obstacles. We also study the
effect of the Vicsek speed on cluster formation, conclud-
ing that the cluster size can be tuned by either tuning the
Vicsek’s particles velocity or the diameter of the obstacles
(depending on the ratio between σd and R).
Finally, we introduce moving obstacles, whose motion
only depends on collisions with active particles and their
intrinsic drag. We find that while highly damped obsta-
cles are the most effective in destroying the order between
Vicsek disks, this order increases when approaching the
no drag limit. Interestingly, for low self-propulsion speeds,
very low drag obstacles induce even more ordered states
than what detected at the same concentration in a bulk
system.
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